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INTRODUCTION 


Certain observations which have been made during the last three years indicate 
that artificial satellites traversing the Earth’s atmosphere at an altitude of 100 to 1500 
km produce an ionized trail capable of reflecting short radio waves. Krauss (1958), 
Krauss, Higgy and Albus (1958), Krauss and Dreese (1958), Roberts, 
Kirchner and Bray (1959), and Krauss, Higgy and Crone (1960), observing 
the field strength of 5 to 25 Mc radio transmitters at night and far from the trans- 
mitter site, noted occasions of momentary increase in the field strength. They 
attributed this to ionization caused by a satellite passing the point of observation. 
In France [Flambard, Reyssat; 1958] and in Germany [Dieminger; 1958 ] 
signals probably due to ionization by an artificial satellite have been obtained in 
ionospheric soundings. A negative result conceming the ionization produced by an 
artificial satellite has been reported by Hendricks,Swenson and Schorn 
(1958). 

The possibly existing ion trail left by an artificial satellite is important for the 
tracing of the satellite by radar and also when the satellite is used as a passive 
reflector in long-distance radio communication. In the present investigation the occur- 
rence of ionization has been studied on 100 Mc, with CW and pulse radar, observ- 
ing the transits of Sputnik II] (1958 Delta 2) between August 1959 and April 1960. 
Contrary to earlier observations, strongly directional transmitting and receiving 
antennas have been used enabling to achieve higher accuracy in the location of the 
reflection points of the received signals. The higher measuring frequency has made 
observations possible also in the daytime. 
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I PREVIOUS OBSERVATIONS OF SATELLITE IONIZATION 


A brief review of earlier results on the subject will clarify the basis of the 
present work. 

Satellite ionization was first studied by Krauss [Krauss; 1958], [Krauss, 
Higgy. Albus; 1958], [Krauss, Dreese; 1958}. He employed the following 
method: The field strength of the 20 Mc standard frequency station WWV was meas- 
ured at nighttime at a distance of 530 km from the transmitter. The electron density 
in the ionosphere was normally so weak that no signal could be observed. However, 
temporary local increases in ion density produced observable signals. In most 
cases these signals were short and could be attributed to meteors, but there were 
also fairly strong signals lasting from ten seconds to several minutes. Some of these 
long signals, too, were caused by meteors, but many of them occurred close (within 
about two minutes) to the time of predicted nearest approach of Sputnik I or II. 
Also Sputnik III and Explorer I and III] were observed in this manner. The altitudes 
of the artificial satellites varied from 250 to 1500 km. At the time of the last 
days of Sputnik I there were particularly many long signals. Krauss suggests that 
they were due to disintegration of the satellite into several pieces. Krauss con- 
cludes that an artificial satellite is considerably superior in efficiency to meteors 
in establishing long-distance radio connections on 20 Mc in the nighttime. 

Hendricks, Swenson and Schorn (1958) applied the same principle as 
Krauss. The receiving antenna was a simple dipole, which enabled at least three 
consecutive passes of the satellite to be observed. The authors reasoned that if the 
long signals were caused by satellite-produced ionization, then such signals should 
occur periodically with a period equalling that of the satellite (about 90 to 100 
minutes). The latter changes very little from one pass to the next and, for this 
reason, the interval between long signals, too, should not vary more than one to 
two minutes. However, the authors did not find such signals. They concluded that 
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satellites do not produce ionization, at least when they are travelling extremely 
high in the ionosphere, 

Roberts, Kirchner and Bray (1959) also used the principle of Krauss, 
listening on the 5, 10, 15 and 20 Mc transmissions of WWV. They report having 
observed several types of signals positively connected with satellite passes. In 
addition to the long signals reported by Krauss, a Doppler-shifted signal was observ- 
ed, which produced audible interference with the direct signal from WWV. On 5, 
10 and 15 Mc, signals were received, arriving 8 to 10 minutes after the predicted 
nearest approach of the satellite, They had durations from a few seconds to nearly 
one minute. The strongest of these delayed signals came on the lower frequencies. 

In addition to the long WWV signals connected with the passes of satellites, 
Krauss, Higgy and Crone (1960) observed satellite-related signal burst groups 
in which the centermost burst was the strongest. This took place, for instance, on 
the 8th of August, 1958, when the rocket of Sputnik III was in the beam of the 
receiver at an altitude of 800 km and a distance of 2800 km in the northern auroral 
zone, Bursts had a duration of about one minute and their amplitude increased at 
first and then decreased, The signal had the character of noise, and the authors 
think that it was caused by the transit of the satellite through ion clouds of varying 
density, In their opinion the symmetry of the signal burst group indicates that the 
reflection from the ion tail of a satellite is specular, The radar cross section 
corresponding to the strongest burst was several square kilometers, The ionization 
induced by the satellite must therefore have been very intense, The investigations 
revealed further that Doppler shifts of the WWV signals occurred in connection 
with the satellite passes. These Doppler-shifted signals had also the character of 
noise. The frequency-shifts were, in the 15 Mc range, typically of the order of 5 kc, 
which is equivalent to a velocity of 40 km/sec, The velocity of the satellite 
was about 7 km/sec. Hence, according to Krauss, Higgy and Crone, particles 
initially at rest can be driven ahead of the satellite by an elastic collision at twice 
this velocity, or about 14 km/sec, This is only a fraction of the observed value 
40 km/sec. , and some other process of accerelation must be involved in addition, 
The phenomenon could be due to an encounter of the satellite with fast corpuscu- 
lar streams. The electric charge of the satellite may increase the collision cross 
section, If the satellite acquires a negative potential, it will sweep electrons 
ahead, This produces an accumulation of electrons in front of the satellite and a 
deficiency behind it. The latter also reflects radio waves, Krauss, Higgy and Crone 
observed several of the best coincidences between WWV bursts and satellite passes 
about 24 hours after large solar flares, 

Flambard and Reyssat (1958) studied the observation of satellite-produced 
ion trails with an ionosphere sounder on 25 Mc. According to their estimate, a 
satellite having 108 times the weight of a one-milligram meteor should cause at 
an altitude of 200 km an electron density one hundred times that produced by the 
meteor at 100 km. Their calculations included the fact that the air density at an 
altitude of 100 km is 104 times that at 200 km. lonization of such a mag- 
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nitude should make ionized trails perpendicular to the antenna beam readily observ- 

able with normal ionospheric sounding equipment, Authors assumed that echoes - 

obtained in their measurements originated from satellites if the following condi- 
tions were satisfied: 

1) The echoes arrived within five minutes, referring to the time of transit through 
the center of the antenna beam, and from a distance equal to that of the 
nearest point on orbit. 

2) The received echo had a longer duration than the echoes produced by meteors, 

3) No other long signals were received within 30 minutes, 

There were four signals satisfying these conditions, They lasted about 30 seconds 

when the satellite passed at 500 km altitude, and 100 to 300 seconds at 250 km, 

The radar cross sections were several thousand square meters, Only a few of the 

reflections arrived from trails perpendicular to the antenna beam, The authors 

consider this as an indication that the structure of the ion trail and the mechan- 
isms of reflection are more complicated than they had assumed, It should be 
noticed in this connection that Flambard and Reyssat’s comparison on the ionizing 
properties of a satellite and a meteor is misleading, Manning and Eshleman 

(1959) have shown that an overwhelming part of the meteoric ionization originates 

from the meteoric substance, and not from the air. 

Oblique ionospheric soundings at Lindau, Germany, on 26 Mc, revealed two 
signals which were considered to be due to satellite ionization [Dieminger; 
1958 ], One of them seems to indicate that perpendicularity condition is not neces- 
sary for the reflection from the ion trail. 

As a summary, it can be said that satellite ionization has so far been investi- 
gated using frequencies between 5 and 26 Mc. This has been done mainly by 
observing at nighttime the field strength of standard frequency stations in the long- 
distance reception area. Many of the particularly long signals are, with high degree 
of probability, connected with satellite-produced ionization. However, it seems 
that no statistics on the commonness of the satellite echoes has been made. Fur- 
ther, there are many different ideas on the ionization mechanisms of a satellite- pro - 
duced ion trail, It is not known wether the reflection is specular or not, The ion densi- 
ty and its distribution are also unknown. Only a few estimates have been published re- 
garding the radar cross section of the ionized trails. 

The purpose of the present work is to throw some additional light on these 
questions. 
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II OWN INVESTIGATIONS 
1, CHOICE OF MEASURING SYSTEM 
1.1. Measuring frequency 


The investigation of the ionized trails of satellites by means of short waves 
(10 to 100 meters) is disturbed by interference from long signals caused by meteors, 
local increases of ion density occurring in the ionosphere, etc. Furthermore, a 
great number of transmitting stations operate with very small frequency intervals 
in the short wave range and distant radio stations may therefore produce interfering 
signals especially in the case of Doppler shift measurements. Daytime observations 
on short waves are entirely impossible, on account of the high electron density in 
the ionosphere. 

The number of interfering signals might be reduced, and the point of reflection 
might be determined more precisely, by using strongly directional antennas. This is, 
however, impractical on short waves because of the large size of such antennas. 
For this reason it is advantageous to choose a frequency as high as possible. How- 
ever, the radar cross section of the ion trail as well as the duration of the reflected 
signal decrease rapidly with increasing frequency. In the case of ion trails produced 
by meteors, the radar cross section is inversely proportional to the frequency and 
the duration of the echo proportional to the square of the frequency. This holds up 
to about 100 Mc [Eshleman; 1955], [Manning, Eshleman; 1959]. Ion 
trails of artificial satellites have been found to posses on 20 Mc a radar cross 
section of the order of several square kilometers and the durations of signals re- 
flected from them have been several minutes [k rauss, Dreese; 1958], [Krauss ’ 
Higgy. Crone; 1960]. It is likely, therefore, that satellite ionization still can 
be observed on frequencies up to 100 Mc, and that the reflected signal will have 
a duration in excess of one second. 
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Considering the reasons just stated, and the frequency range of FM transmitters 
available, the frequency 98.82 Mc was chosen for the present work. 


1.2. Measuring method 


In investigations carried out on 20 Mc, satellite ion trails have been observed 
as high up as 1500 km [Krauss, Albus, Higgy; 1958]. On 100 Mc the radar 
cross section of the ion trail is considerably less than on 20 Mc and the measuring 
system must be highly sensitive in order to enable observations to be made of trails 
at 1000 to 1500 km. From this point of view a CW radar is advantageous for the 
reason that the bandwidth of the receiver may be narrow, provided that the Doppler 
shift of the echo is known. The method requires the use of separate transmitting 
and receiving antennas. They must be sufficiently spaced to prevent interference by 
leakage signal reaching the receiver directly from the transmitter. On the other 
hand, when strongly directional antennas are used the spacing between the trans- 
mitter and the receiver should be small. Otherwise the satellite will rarely cross 
the beams of both antennas simultaneously. 

Pulse radar cannot detect as small radar cross sections as CW radar (assuming 
equal maximum transmitting power). However, the distance information can be used 
to distinguish between satellite echoes and other similar signals. 

Careful consideration of the advantages and drawbacks of different methods of 
observation resulted in the choice of a CW radar with a transmitter and receiver 
having fixed directional antennas, and placed as close to each other as possible. 
A frequency-swept receiver enabling the power spectrum of the reflected signal to 
be observed was chosen for the reception. As sweep frequency 2 cps was used. 
Among others, this method has the following advantages: 

1) When the frequency sweep range of the receiver is wide enough, the reflected 
signal will be observed even when its Doppler shift exceeds the bandwidth of 
the receiver. The receiver may therefore have a narrow bandwidth. 

2) The Doppler shift of the reflected signal can be measured and from this infor- 
mation the motion of the ion trail determined. 

3) With a sweep frequency of the receiver = 2 cps, most of the meteor signals 
will be eliminated. This follows from the fact that their duration is less than 
0.5 sec. [Manning, Eshleman; 1959]. However, all signals lasting one 
second or longer will be recorded. 

4) As a consequence of the fact that the transmitting and receiving antennas are 
,Close to each other, signals from meteors will be as short as possible [Manning , 
Eshleman; 1959]. 

In the case that the radar cross section of the satellite ion trail should be found 
to be sufficiently large, the use of pulse radar measurements was planned in addi- 
tion to the CW radar measurements. 


Fig. 1. Sputnik III. 


1.3. Measuring object 


As measuring objects, Sputnik II] (1958 Delta 2) and the Discoverer satellites 
could be considered. The orbit of Sputnik III was tangent to the latitudecircle 
65 ON, and the satellite passed over Finland from west to east several times every 
day. In Southern Finland, using fixed directional antennas pointing to the north, 
it was therefore possible to observe one to three passes of Sputnik III every day. 

The orbits of the Discoverer satellites passed over the north and south poles. 
Their paths would therefore have crossed fixed antenna beams only a few times 
every week. Another drawback was the fact that neither as accurate predictions, 
nor as many optical observations of these satellites, were available as for Sputnik 
Ill. The latter was accordingly chosen as the object of measurement. 

As is known, Sputnik III had the shape of a cone(Fig. 1). Its length was 357 cm 
and the diameter of its base 171 cm. On 100 Mc a body of this size has a radar 
cross section approximately equal to its geometric cross section, in this case 
accordingly three to four square meters. In some directions the radar cross section 
may have been doubled by the satellite antennas, but it was probably no more 
than 10 square meters in any direction. 


1.4. Measuring sites 


The transmitter was located in Helsinki (60 °10*N; 24 °50°E) and the receiver 
at Parola (61 °N; 24° 20°E), 95 kilometers NNW of Helsinki. Close to the receiving 
station at Parola there was a hill, steeply rising 45 meters, which prevented the 
direct field of the transmitter from reaching the receiver. On account of the location 
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of the receiving station, the azimuthal orientation 347° (clockwise from the north) 
was chosen for the transmitting and receiving antennas. 


af 
+ 800 cps 
cps 
+ 400 
0 
ae 9 Fig. 2. The Doppler shift Af of a 
és signal reflected by Sputnik III as a 
function of the directional angle a 
60° 80° 100° 120° of its orbit. 


1.5. Frequency sweep range and bandwidth of the receiver 


If the ion trail of an artificial satellite is formed partially in front of the satellite, 
as has been suggested by Krauss et. al., [Krauss, Higgy., Crone; 1960}, it can 
be expected that the point of reflection moves with the satellite. The signal re- 
flected to the receiver may then experience a Doppler shift corresponding to this 
motion, and this will determine the required frequency sweep range of the receiver. 

On 100 Mc the influence of the ionosphere on the Doppler shift is negligible, 
and the Doppler shift Af of the signal reflected from the satellite is obtained from 
the equation 


Af = — fo (1) 


where v is the radial velocity of the satellite, f, is the transmission frequency and 
c the velocity of light. In this equation the transmitter and the receiver have been 
assumed to be in the same place. 

Fig. 2 shows the Doppler shift of a signal reflected by Sputnik II] in August 
1959, calculated by equation (1) as a function of the directional angle a of its 
trajectory. The latter is the angle between the meridian and the projection of the 
trajectory on the earth’s surface. It is measured at the point, where the projection 
intersects a vertical plane having the azimuthal orientation 347° (the azimuth of 
the main antenna beam). In order to cover possible changes in the orbit, the re- 
ceiving frequency was chosen to sweep from -500 to +1000 cps on both sides of the 
transmission frequency. Then with a sweep frequency of 2 cps, the suitable bandwidth 
for the receiver will be 75 cps, which affords sufficient time for the receiver signal 
to reach its full value. 


1.6. Antenna gain 


Considering the altitude of Sputnik III and its radar cross section, the possibility 
to detect a cross section of 10 square meters at a distance of 1000 kilometers was 
set as a goal in the design of the measuring system. The output power of the FM 
transmitter available was 8 kW, and the requirement 1.5 was set for the noise 
figure of the receiver. 

According to the radar equation, a satellite at a distance Ry from the transmit- 
ter and at a distance Rp from the receiver, and having the radar cross section o, 
will reflect into the receiver the power 


P= 3 (2) 
64% R 


2 

A is the wavelength of the transmitter, Gy the gain of the transmitting antenna 
in the direction of the satellite, Gp the gain of the receiving antenna, and P_ 
the transmitted power. 


Cosmic noise must also be taken into account in determining the lowest detect- 
able signal level. The noise power Py referred to the input of the receiver is 


where F is the noise figure of the receiver, T, = 290 degrees Kelvin, Ta the effective 
noise temperature of the antenna, k = 1.38- 10723 joule/degrees Kelvin, and B the 
bandwidth of the receiver. On 100 Mc the effective noise temperature of the antenna 
varies between 700 and 7000 degrees Kelvin depending on the orientation of the an- 
tenna relative to the Milky Way [Krauss, Ko; 1957]. 

Assuming a radar cross section of 10 square meters, a distance of 1000 kilometers 
from the transmitter and from the receiver, 1000 degrees Kelvin average noise tem- 
perature of the antenna, 75 cps receiver bandwidth, and a signal-to-noise ratio 
10 dB, equations (2) and (3) give: G7 Gp = 35000. Provided that identical antennas 
are used, both must have a gain of nearly 23 dB. This gain is achieved by means 
of a paraboloid reflector antenna of 230 square meters reflector surface, assuming 
that the effective area of the antenna is 60 per cent of its geometrical area. There 
were no facilities for the construction of two antennas of this size. Therefore it 
was decided that only the transmitting antenna should have a gain of 23 dB. For 
the receiving antenna, a Yagi array having 15 dB gain was chosen. 


The detection range of the final measuring apparatus will be discussed in 
section 2.3, 
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Fig. 3. The radar transmitting antenna. 


2. MEASURING EQUIPMENT 
2.1. Transmitter 


A conventional VHF transmitter (Philips SOZ 337/02) was used. To improve the 
frequency stability it was provided with a crystal oscillator control (frequency sta- 
bility 3- 10-8) and with the necessary modulator stage for pulse operation. 

The transmitting antenna was a fixed paraboloid reflector antenna, constructed 
for this particular purpose (Fig. 3). The length of the reflector was 31 meters and 
its width 10 meters. The feeder consisted of a row of dipoles with reflector rods, 
producing uniform illumination in the longitudinal (horizontal) direction and an 
illumination diminishing by 6 dB towards the edges in the vertical section of the 
reflector. The radiation patterns of the antenna in its principal direction and its 
gain were determined by means of airborne observations. The radiation patterns 
found are shown in Fig. 4. The accuracy of the measurement of the azimuthal 
angles was t 2°. 

The measured gain of the antenna was 21 ¢2 dB, which is 3 dB less than the 
calculated one (for the effective area 0.6 times 310 square meters). The difference 
is thought to be due to the location of the feeding elements and to an unequal distri- 
bution of power in the longitudinal direction of the reflector. 
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Fig. 4a. Lateral radiation pattern of the transmitting antenna 
in the plane through the main beam. 
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Fig. 4b. Radiation pattern of the transmitting antenna in the 
vertical plane. 


18 

° 

$27° 7° 

17 

307° 27° 

= 

100° 80° 

60° 

20° 

« 

o° 


19 


Operational data of the transmitter: 
Output power 6 kW (8 kW up to Oct. 27, 1959), 
Frequency 98.82 Mc, 
Pulse operation: 
Pulse length 20 millisec. or 100 microsec., 
Repetition frequency 50 cps (synchronized with the power mains), 
Antenna gain 21 t 2 dB, 
Standing wave ratio of the antenna < 1.1, 
3 dB beam width of the antenna in lateral direction 7°, 
3 dB beam width of the antenna in the vertical plane 16°, 
Azimuth of the main beam of the antenna 347°, 
Elevation of the main beam of the antenna 57° (65° up to Oct. 27, 1959). 


Fig. 5. The radar receiver. 


2.2. Receiver 
2.2.1. Block diagram 


A spectrum analyzer-type receiver was designed to be used in this work (Fig. 5). Its 
block diagram is seen in Fig. 6. The receiver is a triple super with crystal control for 
its first two local oscillators (frequency stability 3- 1078), The third local oscillator is 
frequency modulated. The modulation is linear and controlled by the sweep voltage of 
an oscilloscope (Tektronix, Type 545). The bandwidth 75 cps of the third (10 kc) IF 
amplifier determines the overall bandwidth of the receiver. The output signal of the 
recéiver is fed into the oscilloscope, which displays the power spectrum of the re- 
ceived signal. For continuous recording there is a pen recorder (Esterline Angus, Model 
AW 1mA DC; chart speed one inch per five minutes), which measures the direct 
current obtained on rectification of the output signal from the third IF amplifier. 
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In pulse operation, the third local oscillator of the receiver is also crystal con- 
trolled. The signal can be fed to the oscilloscope from a point before the narrowband 
IF amplifier. The oscilloscope is synchronized with the mains, which also provide 
synchronization for the transmitter. The bandwidth of the second IF amplifier can be 
selected to have one of the values 0.5, 1.5 or 6 kc. 


1mA 
recorder 
+4 
RF 1st i 2nd iF 3rd 
amplifier mixer amplifier mixer amplifier mixer amplifier 
98.82 Mc. 19.2 Mc. 455 ke. 10 ke. ~ o 
crystal sweep 
amplifier multiplier ose. osc. 
118 Mc. 19.7 Mc. 1.23 Me. 1460-470 kc. 
crystal 
osc. 
465 kc. 


Fig. 6. Block diagram of the receiver. 


Fig. 7. RF amplifier of the receiver. 
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2.2.2 Noise figure 


Highest possible sensitivity was an essential requirement of the receiver. Because 
of its low noise figure [Verma; 1958], for the RF pre-amplifier the microwave 
triode 416B was chosen. It was furthermore decided to employ a cascode input stage 
and a coaxial resonator made of RG9-U cable for the input circuit (Fig. 7). In com- 
parison with a conventional coil, the latter has the advantage that its impedance 
transformation ratio can be accurately calculated. 

Measurements on the finished RF amplifier revealed that its noise figure was 
considerably in excess of the calculated optimum value 1.3. The unsatisfactory 
noise figure was found to be due to the input impedance produced by the cathode 
inductance of the 416B tube. It gave an actual optimum input conductance con- 
siderably different from the calculated value. In order to eliminate this phenomenon, 
the cathode inductance was tuned to series resonance by means of the cathode 
resistor by-pass condensor. After compensation of the cathode inductance, with best 
tubes the noise figure of the amplifier was 1.4. However, within a few tens of 
operating hours it deteriorated with almost all 416B tubes to 1.7 or even 2. 


Fig. 8. The radar receiving antenna. 
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Fig. 9a. Lateral radiation pattern of the receiving antenna in the 
plane through the main beam. 


-20a8 -10dB 


Fig. 9b. Radiation pattem of the receiving antenna in the vertical plane. 


22 

337° 347° 357° 

317° 17° 

A 307° 2? 

-10d8 

4 

4 

100° 90° 80° 

7 40° 

30° 

abs ° 

20 

10° 

o° 


23 
2.2.3. Operational data of the receiver 


Eight three-element parallel-coupled Yagi antennas were used as the receiving an- 
tenna (Fig. 8). The radiation pattems of the array in its principal planes, as well 
as the gain, were determined by airborne observations. Fig. 9 shows the radiation 
patterns found. 

Operational data of the receiver: 

Input impedance 50 ohms, 

Noise figure 1.4 to 2.0, 

Bandwidth, in CW operation 75 cps, 

in pulse operation 75, 500, 1500 or 6000 cps, 

Frequency 98.82 Mc (tuning range 10 kc), 

Sweep frequency 2 cps, 

Antenna gain 15 t 1 dB, 

Standing wave ratio of the antenna < 1.3, 

3 dB beamwidth of the antenna in lateral direction 27°, 

3 dB beamwidth of the antenna in vertical plane 21°, 

Azimuth of the main beam of the antenna 347°, 

Elevation of the main beam of the antenna 59° (69° up 

to Oct. 27, 1959). 
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radar cross section as a function 
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2.3. Detection range of the equipment 


The maximum detection range of the measuring equipment is determined by the 
operational data of the transmitter and the receiver, and the minimum detectable 
signal in the receiver. 

In CW measurements, with a 75 cps bandwidth, the noise power of the receiver, 
referred to its input, is -179 dBW (dB below one watt). This follows from equation 
(3), when the noise figure of the receiver equals 2 and the effective temperature of 
the antenna is 1000 degrees Kelvin. According to the measurements made, a_ signal 
could be detected with certainty on the oscilloscope screen when it exceeded the 
noise by 10 dB. The weakest detectable signal was thus -169 dBW, or 25nanovolts 
at the receiver input. 

Fig. 10 shows the distances at which targets with radar cross sections of 1000, 
100 and 10 square meters, respectively, can be detected in the main beams of 
the antennas (after Oct. 27, 1959), as calculated from equation (2). 


3. OBSERVATIONS 
3.1. Transits of Sputnik III traced 


Observations of the transits of Sputnik III were started in August 1959 after that 
the measuring equipment had been finished. Since September 24, observations were 
made daily until the satellite was destroyed on April 6, 1960. Except for short 
interruptions caused by failures in the equipment, all passes were traced, which 


Table 1. 
Monthly distribution of the transits of Sputnik III observed. 


1959 Number | Time of transit Altitude 
August-September 24 8:00 to 21:00 | 850 to 1100 km 
October 38 2:00 to 9:00 700 to 1000 km 
November 47 15:00 to 1:00 | 525 to 850 km 
December 50 7:00 to 17:00 | 425 to 650 km 
1960 

January 43 21:00 to 10:00 | 320 to 575 km 
February 37 14:00 to 24.00 | 260 to 420 km 
March-April 43 4:00 to 17:00 | 190 to 330 km 


Altogether 282 transits 
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Table 2. Table 3. 
Diurnal distribution of the Directional angles 
transits of Sputnik III observed. of the transits of 


Sputnik III observed 


Time of transit Number a Number 
0:00 to 4:00 ee 60° to 70° 44 
4:00 to 8:00 57 70° to 80° 56 
8:00 to 12:00 59 80° to 90° 40 
12:00 to 16:00 52 90° to 100° 417 
16:00 to 20:00 50 100° to 110° 50 
20:00 to 24:00 41 110° to 120° 45 


fell into the main beams. Their number was on the average two per day. Obser- 
vations were made during about 170 days. 

The directional angle @ (cf. 1.5) and the altitude, as well as the time of 
transit through the antenna main beam, were calculated on the basis of predictions 
obtained from U.S.A. (National Aeronautics and Space Administration) and England 
(Radio Research Station). 

The distribution of the transits traced in the different months is shown in Table 1. 
The diurnal distribution is shown in Table 2. Table 3 shows the distribution of the 
transits to different directional angles @ of the trajectory. 


3.2. Procedure of the observation 


The majority of the measurements were carried out in CW operation. The re- 
ceiving frequency was swept from -500 to +1000 cps on both sides of the transmission 
frequency. The equipment was working continuously daily from about one half hour 
before the first transit of Sputnik III to one half hour after its last transit. Actual 
observations, however, were made only during the half an hour (in 1959 during 20 
minutes), which started 15 minutes before and ended 15 minutes after the predicted 
time of transit. The trace on the oscilloscope screen was followed visually in addition 
to which it was photographed from time to time. The following data were recorded 
of every signal persisting through two sweeps, or longer: time of occurrence within 
an accuracy of five seconds (in some cases ten seconds), duration (number of sweeps), 
maximum amplitude (referred to the receiver input) with 25 nanovolts accuracy in 
the range from 25 to 200 nanovolts, and the mean frequency of the signal with an 
accuracy of 75 cps. Simultaneously, for later checks of the observations, recordings 
were made with the pen recorder connected to the receiver. 
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The transmitting power was checked daily by means of an output meter in the 
transmitter. The measuring antennas were checked by means of standing wave meas- 
urements. The gain of the receiver was calibrated once every week by means of a 
signal generator (HP 608 C). The tuning of the receiver (i.e., the place of the CW 
signal on the oscilloscope screen) was checked at the beginning and at the end of 
each period of observation. This was done by means of the direct signal from the 
transmitter, received through an auxiliary antenna on the top of the hill at the re- 
ceiver site. The time (Finnish Standard Time = U.T. + ah) was read from a chro- 
nometer, which was compared daily with the time signals transmitted by the Finnish 
Broadcasting Company. 

Range measurements were carried out on ten days only. For this, as a rule, a 20 
milliseconds pulse length and 500 cps bandwidth were used. The modulator of the 
transmitter was synchronized with the mains, as was also the range indication oscil- 
loscope. The zero point of the range scale was determined by means of the auxiliary 
antenna, situated on the top of the hill. The accuracy of the range measurements 
was about t 75 kilometers. When a lower accuracy was sufficient, 75 cps bandwidth 
could be used with a 20 milliseconds pulse length. 


3.3. Signals interfering with the observations 


Various kinds of signals interfering with the satellite observations could be seen. 
Most of these signals were caused by meteors and their duration was less than 0.5 
seconds. They occurred at an average rate of three or four within ten minutes, being 
most abundant at about 6 hours and least at about 18 hours, in accordance with the 
density of occurrence of meteors. 


Fig. 11. Typical long meteor echo (at 7:25 hours on Jan. 4, 1960). 
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There were also meteor signals of two or more sweeps, particularly in the morning, _ 
but, as a rule, there was less than one such signal in half an hour. However, long 
meteor bursts were observed in exceptional numbers on some days, e.g., January 4, 
1960 (Quadrantides). Is was confirmed by measurements carried out in August, 1959 
that some of the long meteor signals could be associated with meteors that were 
visible in the sky. Long meteor bursts were characterized by high amplitude, 2 200 
nanovolts, rapid variation of amplitude and often Doppler shifts greater than 150 cps. 
In most cases the amplitude was highest at the beginning of the signal. An oscillo- 
scope photograph of a typical, long meteor burst is shown in Fig. 11. 

Aeroplanes above the receiving station produced echoes, which generally lasted 
10 to 30 seconds. They could be recognized easily because, at the same time, the 
noise of the aircraft could be heard. Naturally they have not been taken into account 
as actual signals. 

The hill close to the receiving station could not always prevent the direct 
signal from the transmitter. There were five days on which a continuous signal 
of 25 to 50 nanovolts amplitude was present in the receiver, obviously as a result 
of exceptional propagation conditions in the troposphere. 

Signals caused by auroral ionization were observed in considerable number, 
altogether on 24 days. This arose from the fact that, after the change of elevation 
angle on October 27, 1959, the side lobes of the transmitting and receiving 
antennas became, at the altitude of 90 to 120 km, perpendicular to the earth's 
magnetic lines of force. The main part of the auroral ionization takes place at 
this altitude [unwin; 1958]. No auroral echoes were observed before the said 
date. These echoes were of varying duration, from a few minutes to several hours. 
A typical auroral echo is shown in Fig. 12. The signal has the character of noise 
and is spread over a frequency range of nearly 1000 cps, about 500 cps on both sides 


Fig. 12. Typical auroral echo (at 17:12 hours on Feb. 16, 1960). 
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Fig. 13. Diurnal distribution of auroral echoes 
(each square corresponds to an echo during one hour 
sampling periods ). 
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Fig. 14. Recorder chart of periodical auroral reflection on Nov. 23, 1959. 
The signals at 18:18 and 18:40 hours are due to calibration. 


of the CW frequency. Fig. 13 shows the diurnal distribution of the auroral echoes. 
It is similar in character to that previously observed by Bullough and Kaiser 
(1955), but differs from the distribution presented by Presnell, Leadabrand, 
Peterson, Dyce, Schlobohm and Berg (1959). 

The intensity of the auroral echoes occuring in the afternoon and early hours 
of the night was frequently periodically fluctuating (Fig. 14). The period was 7 
to 10 minutes [Tiuri; 1960]. 

The presence of strong auroral echoes made the observation of other signals im- 
possible. For this reason, there were 27 transits of Sputnik III during which the 
echoes possibly produced by the satellite could not be observed. Only 21 transits 
‘could be observed on the days when there were auroral echoes. 
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3.4. Treatment of the material obtained 


In order to distinguish the satellite echoes from other ones, in further treatment 
only such signals have been considered which were visible on the oscilloscope at 
the least during two sweeps (cf. 1.1). In the following such signals will be called 
long signals. Signals visible during one sweep only were not taken into account 
because they were so numerous that accidental coincidences with the satellite 
transits were statistically probable. 

Long signals occurring during the time interval t 10 min. from the time of transit 
were included in the statistics, except auroral echoes lasting at the least one minute. 
However, if three or more long signals were recorded during this interval, all of 
them were excluded. This was done because long signals occurred in such an abun- 
dance usually on such days only when there was a meteoric shower. For this reason 
observations during 15 transits were left out altogether. 

Each observed long signal was compared with the time of transit of Sputnik III 
through the antenna main beam. As the predicted times were inaccurate, the actual 
ones (i.e., the times when Sputnik III crossed the vertical plane with the azimuth 347°) 
were calculated afterwards. For these calculations, the visual observations made at 
the meteorological station of Jokioinen and the times when the satellite passed 
through the northemmost point of the orbit, calculated by the British Radio Research 
Station (RRS) on the basis of visual and radio observations (Satellite Prediction 
Service Bulletin No.5, 1960), were available. The observations made at Jokioinen 
are accurate within 0.1 sec. in time and 0.1 degrees in direction, while the ac- 
curacy of the times from the RRS is given as t5 sec. (in some cases * 10 sec.). 
According to an estimate of the RRS, their data and the orbital positions given in 
the predictions give any location of the satellite with a probable error of t 50 km. 
Correspondingly, the accuracy of the altitude is t 20 km. 

In determining the times of transit, it was attempted to carry out the calculations 
with an accuracy of t 0.1 min. The possibilities of error were reduced by the fact 
that, even under most unfavourable conditions, the time of transit through the 
antenna main beam did nor differ more than about three minutes from that through 
the northernmost point. There are several days when the station at Jokioinen, as 
well as the RRS, give the data for one revolution of Sputnik Ill only. In such cases, 
for the calculation of the times of other transits, the period was assumed to equal 
that given in the prediction. The error due to this procedure is estimated to be less 
than t 0.1 min. On days when no observations of the orbit were available, the times 
of transit were calculated by interpolation, using the differences between observed and 
predicted times on other days. There were rarely more than two consecutive days when 
this was necessary and the resulting error is estimated to be less than t 0.4 min. 

It can be concluded that the maximum error of the time of transit of Sputnik 
Ill thus calculated is usually * 0.4 min., in some cases t 0. 8 min. 

The actual times of transit differ fram the predicted times by one to three 
minutes, on the average, the greatest difference being 9 min. 
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3.5. Satellite echoes 


Fig. 15 gives a histogram of the long signals during the different months, referred 
to the calculated time of transit of Spumik III, while Fig, 16 represents the sum 
values of Fig. 15 ( 97 long signals in all ). The histograms show an evident maximum 
at the time of transit of the satellite, For instance, there are 20 long signals in 
December, 1959, of which 7 coincide with the time of transit within + 0,7 min. 
The probability that 7 signals out of 20( during 20 minutes ) would occur fortuitous - 
ly in this interval is negligible, in fact less than 0.0005. A considerable part of these 
signals must, therefore, be echoes produced by the satellite, It will be show later 
that the radar cross sections corresponding to the echoes always are of the order of 
several tens, and even several thousands, of square meters; therefore, reflection 
from the body of the satellite is out of the question, The echoes are thus obviously 
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Fig. 16, Histogram of the long 

signals referred to the times 

of transit of Sputnik III through 
the antenna main beam, 


Fig. 15 Monthly histograms of long signals referred 
to the times of transit of Sputnik II through the 
antenna main beam, Each square corresponds to one 


long signal. 
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Table 4. 


Observed satellite echoes. 


Calculated | Direction- | Altitu- | Ampli- | Duration | Doppler 
transit of | al angle | de of |tude of | of the | shift | Time difference 
Echo| Date |Sputnik III,| of the the the echo, | of the |7.04, ~ Transit’ 
No Finnish trajec- | satelli-| echo, | seconds | echo, 
Standard tory te | nano- cps minutes 
Time degrees km volts 
1959 

1 Aug. 26] (19:50. 4) 100 1040 15 2 0 -0.4M 

2 Sept. 9] (16:38.0) 100 1010 25 5 0 + 0.5 

3 Nov. 17] 20:50.8 92 655 15 1 +0.4M 

+ Nov. 20] 20:31.9 99 630 100 2 ans +0.7M 

5 Nov. 25] 19:49.3 104 600 25 2 0 + 0.5 

6 Dec. 14;02.3 14 635 175 1 - 0.3 

7 Dec, 14] 12:00.6 14 640 100 2 0 - 0.2 

8 Dec. 15] (11:40.3) 13 590 15 9 0 - 0.5 

9 Dec. 21/( 9:32.7) 67 605 50 2.5 e - 0.4 
10 Dec. 21)( 11:10,3) 87 550 100 2 es +0.4M 
11 Dec, 30 7:22.9 71 540 25 5.5 0-225 + 0.1 
12 Dec. 30] 10:38.1 116 420 15 1.5 + 150 + 0.5 

1960 

13 Jan. 12 3:46.9 13 530 150 2 oe 0.0 
14 Jan. 15 3:34,7 80 450 50 1.5 0 + 0.3 
15 Feb, 11] 22:04.8 113 315 15 1.5 0 + 0.4 
16 Feb. 18:18,2) 19 360 25 1 0 + 0.5 
17 March 12]( 9:24,5) 63 285 50 2 0 - 0,2 
18 March 14 9:53.0 18 270 200 2 +75 +0.7M 
19 March 15 8:32.1 b4 280 125 + - 15 - 0.5 
20 March 25 6:28,1 716 240 200 1 ee +0.4M 


caused by the satellite-produced ion trail. In the following, long signals received 
within t 0.7 minutes from the time of transit will be referred to as satellite echoes. 

Table 4 represents a list of all the observed satellite echoes. On those days 
when there are no data from Jokioinen nor from the RRS, the time of transit through 
the antenna beam is in brackets. Fig. 17 shows some oscilloscope photographs 
(exposure time two seconds) of the satellite echoes obtained in March, 1960, and 
Fig. 18 some typical pen records of the satellite echoes. 

The satellite echoes observed can be divided into two groups. 70 per cent of 
them are characterized by an amplitude changing nearly uniformly, the maximum 
being at the middle (e.g., the echo of Dec. 14, 1959, Fig. 18 b). The power 
usually tended to concentrate on frequencies close to the CW frequency, the spread 
being about 100 to 400 cps, and the maximum power on the CW frequency. 
A change of the Doppler shift during the echo was observed once only, i.e., at 
7,23 hours on Dec. 30, 1959. The echo appeared on the CW frequency but shifted 
during five seconds to a frequency about 225 cps lower, If the echo observed on 


Fig. 17. Typical satellite echo oscillograms. 
a. Satellite echo No. 17 at 9:24.5 hours on March 12, 1960. 
(Clock time correction +41 seconds). 
b. Satellite echo No. 18 at 9:53.0 hours on March 14, 1960. 
(Clock time correction -3 seconds). 
om c. Satellite echo No. 19 (the end) at 8:32.1 hours on March 
15, 1960. (Clock time correction -1 second). 
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Fig. 18. Typical records of 
echoes. Signals of one minute duration 
are due to receiver calibration. 


a. Satellite echo No. 4 on Nov. 20, 1959. 


7 on Dec. 14, 


b. Satellite echo No. 
to 


1959 (auroral reflection at 11:50 
12:00 hours). 
c. Satellite echo No.9 on Dec. 21, 1959. 
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Dec, 15, 1959 is excluded, the average length of these echoes is 2.5 seconds, The 
echo of Dec, 15, 1959 lasted longer than all other satellite echoes and rather 
resembled an aircraft echo. 

30 per cent of the satellite echoes showed greatest amplitude at the beginning, 
varied rapidly from sweep to sweep, and contained components almost in the entire 
sweep range of the receiver. A typical example is the echo observed on March 
14, 1960 (Fig, 17 b). It is apparent that these echoes are similar in character to 
the long meteor bursts(cf. Fig. 11), and it is likely that they are due to meteors 
rather than to the ion trail of the satellite, Such echoes are distinguished by the 
letter M in Table 4, The average length of these echoes is 1.5 seconds, The 
average length of the long signals, satellite echoes excluded, is 2,0 seconds, 


3.6, Range measurements 


Range measurements with pulse method were made on ten days during a total 
of eight hours. These measurements revealed that the majority of all the signals 
were caused by meteor trails above the receiver site, at an average altitude of 
100 km, This was the region in which the main and side lobes of the transmitting 
and receiving antennas intersected, 

On Dec, 7, 1959 a signal, lasting one second, was measured at the satellite 
range, 0.3 minutes before the calculated time of transit (Table 4). 

A few times long echoes were observed, arriving from a distance of 500 to 1700 
km, and not connected to the satellite, It seems probable that the echoes were due 
to meteors because, at this range, the side lobes of the antennas intersected at the 
altitudes of occurence of meteor trails. 

Ranges of auroral echoes were measured in December, 1959 and in January and 
April, 1960. These echoes, too, were found to arrive from a distance of 500 to 
700 km in the side lobes of the antennas, 

The range measurements proved that the side lobes of thé antennas gave rise 
to meteor echoes from the same distance as the satellite, By range measurement 
it was, therefore, impossible to distinguish between echoes from the ion trail of 
the satellite and signals from other origin, The observations were, accordingly, 
mainly carried out by the more sensitive CW method. 


4, DISCUSSION OF THE RESULTS 
4.1 Time of occurrence of the satellite echoes 


It can be seen from Table 4 that a considerable number of the satellite echoes 
have been received between 0.4 and 0.7 minutes after the calculated transits of 
Sputnik Ill, This might indicate that the development of the ion trail takes 0.4 
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Fig. 19. Time of arrival of the satellite echoes 

as a function of the directional angle @ of the 

satellite’s trajectory. Time 0 refers to the 

calculated time of transit of Sputnik III through 
the main beam. 
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Fig. 20. Relative gains of the transmitting and receiving 
antennas in the direction of the closest point of the orbit 
of Sputnik III as a function of the directional angle @ of 
the satellite's trajectory. Gains are shown in the same 
plane as radiation patterns in Fig. 4a and 9a. 


to 0.7 minutes before reflection is possible. Remembering that the echoes last a 
few seconds only, this is improbable. 


34 


Dec, 15, 1959 is excluded, the average length of these echoes is 2.5 seconds, The 
echo of Dec, 15, 1959 lasted longer than all other satellite echoes and rather 
resembled an aircraft echo. 

30 per cent of the satellite echoes showed greatest amplitude at the beginning, 
varied rapidly from sweep to sweep, and contained components almost in the entire 
sweep range of the receiver. A typical example is the echo observed on March 
14, 1960 (Fig. 17 b). It is apparent that these echoes are similar in character to 
the long meteor bursts(cf, Fig. 11), and it is likely that they are due to meteors 
rather than to the ion trail of the satellite, Such echoes are disiinguished by the 
letter M in Table 4, The average length of these echoes is 1.5 seconds, The 
average length of the long signals, satellite echoes excluded, is 2,0 seconds, 


3.6. Range measurements 


Range measurements with pulse method were made on ten days during a total 
of eight hours. These measurements revealed that the majority of all the signals 
were caused by meteor trails above the receiver site, at an average altitude of 
100 km, This was the region in which the main and side lobes of the transmitting 
and receiving antennas intersected, 

On Dec, 7, 1959 a signal, lasting one second, was measured at the satellite 
range, 0.3 minutes before the calculated time of transit (Table 4). 

A few times long echoes were observed, arriving from a distance of 500 to 700 
km, and not connected to the satellite, It seems probable that the echoes were due 
to meteors because, at this range, the side lobes of the antennas intersected at the 
altitudes of occurence of meteor trails. 

Ranges of auroral echoes were measured in December, 1959 and in January and 
April, 1960. These echoes, too, were found to arrive from a distance of 500 to 
700 km in the side lobes of the antennas, 

The range measurements proved that the side lobes of the antennas gave rise 
to meteor echoes from the same distance as the satellite, By range measurement 
it was, therefore, impossible to distinguish between echoes from the ion trail of 
the satellite and signals from other origin, The observations were, accordingly, 
mainly carried out by the more sensitive CW method, 


4, DISCUSSION OF THE RESULTS 
4.1 Time of occurrence of the satellite echoes 


It can be seen from Table 4 that a considerable number of the satellite echoes 
have been received between 0.4 and 0.7 minutes after the calculated transits of 
Sputnik Ill, This might indicate that the development of the ion trail takes 0.4 
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Fig. 19. Time of arrival of the satellite echoes 

as a function of the directional angle @ of the 

satellite's trajectory. Time 0 refers to the 

calculated time of transit of Sputnik III through 
the main beam. 
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Fig. 20. Relative gains of the transmitting and receiving 
antennas in the direction of the closest point of the orbit 
of Sputnik III as a function of the directional angle a of 
the satellite’s trajectory. Gains are shown in the same 
plane as radiation patterns in Fig. 4a and Qa. 


to 0.7 minutes before reflection is possible. Remembering that the echoes last a 
few seconds only, this is improbable. 
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Fig. 19 shows the time of arrival of the satellite echoes as a function of the 
directional angle @ of the satellite's trajectory, The figure reveals that, as a rule, 
the greater the angle a, the later after the transit the echo arrives. An explanation 
is found in the assumption that the echo comes from the point of the satellite’s 
orbit closest to the transmitter and the receiver (in other words, the reflection is 
specular), For the meteors it is nearly always so[ Manning, Eshleman; 1959 ]. 
A curve in Fig, 19 represents the time required for the satellite to travel from the 
main beam to the point closest to the transmitter and the receiver (assuming an 
orbital velocity 7 km/sec.). There is a good agreement between the theory 
and observation. In the limits of accuracy of the calculations of 20 echoes, only 
four do not agree, This proves that on 100 Mc the ion trail of a satellite can be 
observed only at right angles to the trajectory (when the distance between the 
transmitter and the receiver is small in comparison with their distance from the 
satellite), 

The zeros of the main beam of the transmitting antenna were only 12 degrees 
apart, Tnerefore, some of the satellite echoes must have come from the side lobes 
of the antenna. Fig. 20 gives the gains of the transmitting and the receiving 
antennas in the direction pointing to the closest point of the orbit, as a 
function of the directional angle a of the satellite’s trajectory, These curves have 
been calculated on the basis of the trajectories in which Sputnik III] moved in 
December, 1959, but they are valid with adequate accuracy throughout the investi- 
gation, The observed satellite echoes have also been plotted in this figure, It can 
be seen that echoes were mostly obtained from the directions of the maximum 
gain of the main and side lobes of the transmitting antenna, This supports the 
suggested explanation. The number of echoes observed is greatest for the main 
beam, although the observations are almost evenly distributed in all directions 
(Table 3), This, too, supports the assumption of specular reflection, 

According to the curve in Fig, 19, the time of travel of the satellite from 
the main beam to the point of reflection can be 0.5 minutes, Therefore, it is 
possible that some signals in the column +0.8 to +2.2 min, in Fig, 16 may 
have been caused by the satellite, 

Echoes delayed 8 to 10 minutes from the transit, observed by Roberts, 
Kirchner and Bray (1959) on 5, 10 and 15 Mc, were not observed in the 
present investigation. 


4.2. The radar cross section of the ion trail 


The radar cross sections corresponding to the observed satellite echoes can be 
calculated by means of equation (2). It has already been demonstrated that the 
reflection from the ion trail obviously takes place at the closest point of the 
trajectory. Consequently, the antenna gains and the distances in this particular direc - 
tion have to be inserted in equation (2), Table 5 gives the radar cross sections thus 
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Table 5, 


Radar cross sections corresponding to the observed satellite echoes. 


Echo For the closest point, For the main beam, 
No, (Table 4) square meters square meters 
1(M) 62000 1000 
2 6000 200 
3 (M) 45 000 1600 
4(M) 61000 2 500 
5 4800 45 
6 1900 1500 
600 500 
8 400 200 
9 350 
10 (M) 70 000 9500 
11 200 25 
12 300 
13 1500 800 
14 2700 1300 
15 70 
16 2200 2000 
17 900 20 
18 (M) 500 000 500 000 
19 2300 80 
20 (M) 600 000 600 000 


calculated in cases where the reflection point has been in the main beams of the 
antennas or close to the planes in which the radiation patterns have been measured, 
For the echoes obtained from the side lobes of the transmitting antenna the reflection 
has been assumed to take place in the direction of maximum gain of the lobe, The 
azimuths of the side lobes and the antenna gain are not known sufficiently accurately 
to justify a more detailed analysis. Further, the effect of the standing wave ratio 
of the receiving antenna should be taken into account, Hence, the figures in 
Table 5 can be considered as approximate only. 

The radar cross sections can be divided into two groups. Most of them are 
less than 6000 square meters, while the rest exceed 40000 square meters, Among 
others, signals denoted with M in Table 4 have large radar cross sections. As 
pointed out before, these signals are probably caused by meteors. Accordingly, 
such radar cross sections are not true radar cross sections. It follows that, on 
100 Mc, the radar cross section of a satellite-produced ion tail does not exceed 
6000 square meters, 
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Among the values of the radar cross sections in Table 5, those are the most 
accurate which refer to reflections at the center of the main beams. This is a 
consequence of the fact that the gains of the antennas are best known in this 
direction. Such reflections occurred especially in December 1959. Their radar 
cross sections are on the average about 1000 square meters, the altitude of the 
satellite being 600 km and the distance from the receiver 700 km, 

The radar cross section of the ion trail does not seem to depend very much on 
the altitude of the satellite. However, the present observational material is insufficient 
for a detailed study of this question. 

Table 5 contains further the values of the radar cross sections calculated on the 
assumption that the reflection has taken place in the main beam, All these values 
are considerably greater than the radar cross section of the satellite itself, It is, 
therefore, evident that the satellite echoes cannot have come from the body of 
the satellite, Echoes from the satellite itself were never obtained, although several 
transits were traced in which a radar cross section of 2 to 10 square meters would 
have been sufficiently large to produce an echo. This can be taken to indicate 
that the radar cross section of Sputnik III was less than 10 square meters, The 
transit through the main beam lasted 5 to 10 seconds, Thus Faraday rotation, for 
instance, would not have been able to prevent observation of an echo, 


4.3. Conditions for the occurrence of the ion trail 


The diurnal distribution of the satellite echoes is shown in Fig, 21, Conditions 
for the occurrence of an ion trail seem to be most favourable immediately after 
sunrise and near sunset, In the night-time, conditions seem to be less suitable for 
the development of the trail. However, in this respect the present results are less 
reliable, because fewer observations were made at night than in the daytime 
(Table 2). The diurnal distribution of the satellite echoes may also have been 
influenced by auroral echoes, These made it impossible to perform observations, 
for instance, in the end of November and in the beginning of December, 1959, 
The transits of Sputnik III took then place in the afternoon, The echo distribution 
in Fig. 21 is similar in character to the diurnal distribution of diffuse auroral 
echoes in Alaska [Presnell et al.; 1959]. 

It can be seen from Table 4 that, during the time of the present investigation, 
there were periods of several weeks when no satellite echoes were observed, On 
the other hand, satellite echoes were often received on consecutive days, The 
occurrence of the echoes in groups seems to have some connection with the 
occurrence of auroras. In five instances (Dec, 14 and 15, Jan. 15, Feb, 15 
and March 12) a satellite echo was observed on a day when there were also 
auroral echoes, Accordingly, since only 21 transits could be traced on days when 
there were auroral echoes (see 3,3), the occurrence of satellite echoes on such 
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Table 6, 


Average occurrence of spread-F. 


At the time of 
Month satellite echoes me tt of 
(except M-echoes) other jong signa auroral echoes 
1959 
Aug. - Sept. 4,0 0.4 
October 2.8 
November 4,0 3.3 4,2 
December 3.0 1.7 4.2 
1960 
January 5.0 3.4 5,0 
February 4,0 2,4 3.4 
March-April 3.0 1.5 4,0 


days was considerably above the average, In 219 transits on days without auroral 
echoes, there were only 9 satellite echoes (plus 6 M-marked echoes), 

It is likely that auroras occurred in the region of the sky under observation, 
at times close to the transit of Sputnik III, also on other days when satellite 
echoes were observed. In order to confirm this idea, the occurrence of the spread-F 
phenomenon and the magnitude of the geomagnetic three-hour K-index were 
examined, The nearest station performing measurements of this kind is the observatory 
at Nurmijarvi (60° 30’ N; 24° 39’ E), about 40 km to the north from the trans- 
mitter, Nurmijarvi is, in fact, about 100 to 500 km to the south of the actual region 
of the ionosphere under investigation. Consequently, there may also have been local 
spread-F phenomena and disturbances of the geomagnetic field, which did not reach 
as far as 100 to 500 km to the north, However, it seems obvious that long-lasting 
disturbances cover a larger area than short-lived ones. For this reason the commonness 
of the spread-F was studied by examining its occurrence during five hours at the 
time of the transit. Table 6 shows the occurrence of the spread-F in the different 
months at the time of the satellite echoes (those marked with M excluded) and 
at the times when other long signals or auroral echoes were recorded, Number 5 
denotes presence of spread-F during 5 hours; 4, during 4 hours, etc, 


Table 7. 


Average magnitude of the sum of two three-hour K~indices, 


At the time of At the time of At the time of 
Month satellite echoes other long signals auroral echoes 
(except M-echoes) 

1959 
Aug. Sept. 6.0 6,0 
October 
November 4,0 3.9 ae 
December 3.7 3-8 
1960 
February 6.5 4.4 720 
March=April 3.0 


The table reveals a distinct correlation between the occurrence of spread-F 
and the satellite echoes. At the time of the satellite echoes (the M-echoes excluded) 
the occurrence of the spread-F has always been higher than at the-time of other long 
signals, With two exceptions only, its occurrence during each satellite echo, according 
to the definition given above, has been at least 3,0. . At the time of M-echoes it 
has been 2.0 on an average. Spread-F has been present, as a rule, also when there 
have been auroral echoes. 

In a similar way, Table 7 shows the average sum of two three-hour K-~indices 
at the time of long signals and auroral echoes, respectively, There is a correlation 
between the K-index sum and the occurrence of satellite echoes. However, it is 
not as evident as in the case of spread-F. 

It seems evident that for the formation of a satellite ion trail, observable on 
100 Me, auroral ionization and spread-F in the vicinity of the satellite’s trajectory 
are necessary, This also implies that a satellite-produced ion trail probably can be 
observed on 100 Mc close to the auroral zone only, 
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4.4. ESTIMATES ON THE SHAPE AND ION DENSITY OF THE ION TRAIL 


The present study has already proved that the shape of the ion trail produced 
by the satellite must be such that reflection on 100 Mc occurs perpendicularly to 
the path only, The ion density and its distribution must be such that the radar cross 
section of the trail at the distance of 700 km on 100 Mc is of the order of 
magnitude of 1000 square meters, while the duration of the echo is 2.5 seconds on 
an average. The reflected signal must attain its maximum power approximately in the 
middle of this time interval. The Doppler shift of the echo must be small (less 
than 225 cps). 

The condition that an echo can be obtained only at right angles to the trail 
implies that the ion trail has the shape of a long cylinder like that of a meteor, 

On the basis of the results on the radar cross section, estimates can be made 
of the order of magnitude of the ion density in the trail. The reflection of radio 
waves from ion clouds of various shapes has been considered theoretically e.g., 
by Eshleman (1955), The reflection coefficient g is determined by equation 


inc 


where E__ is the field strength at the receiver of the wave reflected from the cloud, 
Einc the field strength of the incident wave at the cloud, and R the distance between 
the receiver and the cloud. 


According to Eshleman, the reflection coefficient of a cylindrical, underdense 
ion cloud is 


fs (r) r dr 
= q (5) 


fico « dr 


where is the permeability of vacuum, e the electron charge, m the electron mass , 
q the number of electrons per unit length of the ion cylinder, and N(r) the electron 
density in the cylinder at a distance r from the axis. 

Correspondingly, the reflection coefficient of an overdense ion cylinder is 


CEshleman; 1955 ] 
T 
2a (6) 
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where r, is the radius at the critical ion density, Equations (5) and (6) have been 
derived on the assumption that the transmitter and the receiver are at same place, 
that the electrons in an underdense cloud reflect radio waves independently of 
each other, and that in an overdense cloud total reflection occurs on the surface, 
where the electron density exceeds the critical density, Furthermore, it has been 
assumed that the distance to the cloud is large in comparison with the cloud’ s 
dimensions and that, for overdense clouds, 2% eg Re 

For the radar cross section of an ion trail the following equation can be 
derived: 


e@ (1) 


where F is the length of one half of the first Fresnel zone (F = =). Equation 


(7) is valid provided that the reflection takes place from a part of the ion trail 
having at least the length of the first Fresnel zone, 

At a distance of 700 km and on a frequency of 98.82 Mc, F equals 1030 meters, 
The reflection coefficient must therefore be 0.027 in order that the radar cross 
section could be 1000 square meters. If the electron distribution is known, it is 
now possible to calculate from equations (5) and (6) the electron density in the 
ion trail. However, for the electron distribution only tentative assumptions can 
be made. In the cloud that may be produced ahead of the satellite [Krauss, 
Higgy, Crone; 1960], the electron density is probably highest on the axis. 
Behind the satellite a tubular cloud may be formed, in which there is low density 
on the axis and relatively high density in the shell. It can be assumed that the 
electron density in the ion trail of a satellite follows the Gaussian distribution law, 
as it does in the trails of meteors, The reflection coefficient 0.027 is then 
obtained, e.g., for an ion cylinder having a diameter of 1.5 meters, number of 
electrons per meter 3.6+ 1013, and a maximum electron density 2.3 1019 
electrons per cubic meter, The figures are only approximate, as the maximum 
electron density is close to the critical value. The diameter of the cloud has been 
defined so that the density on its outer edge is 37 per cent of the maximum 
density (Eshleman; 1955]. If the ion trail is tubular, 4.6 « 1013 electrons per 
meter are sufficient to produce the same reflection coefficient when the tube 
diameter is 2.5 meters, the thickness of the shell 0.5 meters, and the electron 
density in the shell 2,3 1013 electrons per cubic meter, The different manner 
of distribution of electrons in an underdense ion trail does not alter the order of 
magnitude of the total number of electrons producing a given reflection coefficient, 
The number of electrons must therefore be about 101° electrons per meter when 
the reflection coefficient on 100 Mc is 0,027 and the trail has a diameter of a 
few meters, 
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Fig. 21. Diurnal distribution of satellite echoes 

(each square corresponds to one echo). 
Fig. 22. Reflection by au effective 
scattering ‘length L. 


In order that the echo should have a duration of 2.5 seconds, when the reflection 
takes place from the length of the first Fresnel zone, the density of the ion trail 
must remain nearly unchanged during this time. This is unlikely, although possible, 
depending, amongst other things, on the shape of the satellite, and the velocity 
and direction of motion of the ion particles prior to formation of the tail. 

However, the echo obtained from the ion trail of a satellite on 100 Mc may 
last 2.5 seconds though the trail itself disintegrates much quicker, This can be 
seen to be true if one assumes that reflection takes place from a part considerably 
shorter than the first Fresnel zone. This part can be called the effective scattering 
length L [Flood; 1957]. The effective scattering length travels with the satellite 
and its reflection properties are equivalent to a uniformly illuminated radiation 
aperture having the length L and the beam width (spacing between the zeros) 


2A 
6= —? If the aperture is illuminated at the angle #, its radiation beam will be 


deflected correspondingly away from the normal by the angle # (Fig. 22), For 
the reflected signal to be observable in the direction of the transmitter, the beam 
width of the aperture must then be 48 (not 28 as has been stated by Flood), 
and consequently 


Leo (8) 


The reflected signal is observed in the receiver during a period in which the 
effective scattering length travels the distance corresponding to the angle 28. For 
the-orbital velocity of the satellite, 7 km/sec,, distance 700 km and 2,5 seconds 
duration of the reflected signal, the effective scattering length is 120 meters 
according to equation (8). The ion trail of the satellite must then remain reflective 
for 100 Mc radio waves during 17 milliseconds only. 
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The radar cross section corresponding the effective scattering length L can be 
calculated by equation 


o=—Le (9) 


When L equals 120 meters and o 1000 square meters, it follows that the reflection 
coefficient @ must be 0.28. This indicates that the ion trail is an intermediate case 
between underdense and overdense clouds, and according to Eshleman (1955), 
neither equation (5) nor equation (6) will give the right value for the reflection 
coefficient. As shown before, the reflection coefficient of an underdense Gaussian 
cloud with a diameter of 1.5 meters and a maximum electron density of 2.3 - 1028 
electrons per cubic meter, is 0.027, For an overdense trail with a critical radius 
of 0.5 meters and an electron density of 1.2° 1014 electrons per cubic meter, 
the reflection coefficient is 0.9. Hence, it is seen that, at the least in the 
center of the trail, the electron density must be close to the value of 1.2 + 1014 
electrons per cubic meter in order to make the reflection coefficient equal to 0.28. 

When reflection on the ion trail takes place from a part considerably shorter 
than the first Fresnel zone, the echo will attain its maximum amplitude in the 
middle of the time interval during which it is observed, This is, as a rule, in 
accordance with the observations. 

The coarse estimate made above shows that an electron density 1013 to 10/4 
electrons per cubic meter, persisting about 15 milliseconds, is sufficient to account 
for the observed echoes from the ion trail of the satellite, According to the 
results of the present investigation, the satellite cannot normally produce such 
high electron densities. This can occur only when auroral ionization is present, 
Auroral ionization has been observed on 106 Mc at an altitude of 300 km 
[Schlobohm, Leadabrand, Dyce, Dolphin, Berg; 19591], and visible 
auroras have been recorded before sunset even at 1000 km[Stérmer; 1948]. 
It is therefore to be considered probable that auroral ionization occurs at an 
altitude of 100 to 1000 km, normally distributed along the geomagnetic lines of 
force and able to reflect radio waves only at right angles to these lines. The ion 
density may be temporarily and locally very high, When the satellite traverses 
such regions, it may produce a change in the ion distribution so that an ion trail 
of the kind described above will be formed. 
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Ill SUMMARY 


An investigation has been carried out in which certain echoes observed with a 
100 Mc CW radar have been shown to be produced by the ion trail of Sputnik III, 
The ion trail echoes have been observed when the satellite has travelled close to 
the latitude circle 65 °N, approximately in west-east direction and at an altitude 
of 200 to 600 km. They have usually been obtained only when auroral ionization 
has been present and when spread-F phenomenon has occurred in the ionospheric 
soundings close to the observation site, The echoes have had an average duration 
of 2.5 seconds; the corresponding radar cross section at a distance of 700 km has 
been of the order of magnitude of 1000 square meters, The observations show that 
the reflection from the satellite-produced ion trail on 100 Mc is specular, On the 
basis of the radar cross section found, and the duration of the echoes, some estimates 
of the ion density and shape of the ion trail have been made. 
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